Objective: Our aim was to determine if the expression pattern of CLP-1 in developing heart is consistent with its role in controlling RNA transcript elongation by transcriptional elongation factor b (P-TEFb) and if the inhibitory control exerted over P-TEFb by CLP-1 is released under hypertrophic conditions. Methods: We performed immunoblot and immunofluorescence analysis of CLP-1 and the P-TEFb components cdk9 and cyclin T in fetal mouse heart and 2 day post-natal mouse cardiomyocytes to determine if they are co-localized. We induced hypertrophy in rat cardiomyocytes either by mechanical stretch or treatment with hypertrophic agents such as endothelin-1 and phenylephrine to determine if CLP-1 is released from P-TEFb in response to hypertrophic stimuli. The involvement of the Jak/STAT signal transduction pathway in this process was studied by blocking this pathway with the Jak2 kinase inhibitor, AG490, and assessing the association of CLP-1 with P-TEFb complexes. Results: We found that CLP-1 is expressed along with P-TEFb components in developing heart during the period in which knockout mice lacking the CLP-1 gene develop cardiac hypertrophy and die. Under conditions of hypertrophy induced by mechanical stretch or agonist treatment, CLP-1 dissociates from the P-TEFb complex, a finding consistent with the de-repression of P-TEFb kinase activity seen in hypertrophic cardiomyocytes. Blockage of Jak/STAT signaling by AG490 prevented release of CLP-1 from P-TEFb despite the ongoing presence of hypertrophic stimulation by mechanical stretch. Conclusions: CLP-1 expression in developing heart and isolated post-natal cardiomyocytes colocalizes with P-TEFb expression and therefore has the potential to regulate RNA transcript elongation by controlling P-TEFb cdk9 kinase activity in heart. We further conclude that the dissociation of CLP-1 from P-TEFb is responsive to hypertrophic stimuli transduced by cellular signal transduction pathways. This process may be part of the genomic stress response resulting in increased RNA transcript synthesis in hypertrophic cardiomyocytes.
Introduction
Myocardial hypertrophy is a major risk factor for the development of congestive heart failure. When confronted by hypertrophic stimuli, the heart myocardium mounts an adaptive response to increase hemodynamic output by increasing cardiac muscle cell contractility [1] . This involves transmission of the hypertrophic stimuli via signal transduction pathways that together instigate a rapid increase in the expression of early response genes as well as a fetal program of contractile and non-contractile protein genes [2] [3] [4] [5] . Concurrent with this is a global increase in RNA and protein synthesis, a phenomenon typical of hypertrophic cells [6] [7] [8] [9] . More recent studies using microarray analysis have identified an even wider spectrum of genes that exhibit increased expression with hypertrophy [10, 11] . The immediate, wide-scale genomic response to hypertrophic stimuli is likely to be achieved not through the specific activation of genes, but rather through a generalized activation of the transcriptional apparatus or of some common part of that apparatus critical to the synthesis of a wide spectrum of RNA transcripts. Along these lines, recent studies have implicated Transcription Elongation Factor b, or P-TEFb, a complex of cyclin dependent kinase (cdk) 9 with cyclin T1, in the hypertrophic response [12] [13] [14] . A major substrate of P-TEFb is RNA polymerase II which upon phosphorylation elongates nascent transcripts to form full-length mRNAs [15, 16] . In HeLa cells, P-TEFb appears to be dynamically partitioned between an inactive versus an active kinase state suggesting a possible influence on transcriptional processes that could be subject to regulatory control [17, 18] . Maintenance of the inactive state was initially attributed to a small nuclear RNA called 7SK that associates with cyclin T1 to repress cdk9 kinase activity [19, 20] . The linkage of 7SK RNA, P-TEFb kinase activity, and RNA pol II phosphorylation with the adaptive response of cardiac muscle cells to hypertrophic stimuli was first discovered by Sano et al. [12] who showed that various hypertrophic stimuli could de-repress P-TEFb kinase activity by causing the dissociation of the 7SK RNA inhibitor. More recent studies in HeLa cells have shown that the actual inhibitor of P-TEFb cdk9 kinase activity is not 7SK RNA but a protein called HEXIM1 that binds to P-TEFb using 7SK RNA as a support [18, 21] .
HEXIM1 exhibits all the properties previously attributed to 7SK RNA such as its binding to P-TEFb to inhibit cdk9 kinase activity and its release resulting in the de-repression of the cdk9 kinase. [18, 21] . These findings have provided greater insight into how P-TEFb is regulated generally and suggest that an early and critical step in the adaptive response of cardiac muscle cells to hypertrophic stimuli may be the dissociation of HEXIM1 from the P-TEFb complex. We have cloned the chicken and mouse cDNA homologs of HEXIM1, called CLP-1, and have knocked out the CLP-1 gene in mice [22] [23] [24] . CLP-1 knockout mice die during fetal development with hearts that exhibit the physical and genetic hallmarks of cardiac hypertrophy. In CLP-1 knockout mice, the complete absence of CLP-1 could be likened to a "chronic" state of dissociation of this inhibitor from P-TEFb leading to a persistent state of P-TEFb deregulation and phosphorylation and activation of RNA pol II and its elongation activity. This, in turn, could lead to the global increase in gene transcription and RNA production seen in hypertrophic cardiomyocytes. In this report, we show the presence of cdk9, cyclin T1 and CLP-1 in heart during the period in which CLP-1 knockout fetuses develop hypertrophy and demonstrate experimentally the involvement of CLP-1 in cardiac hypertrophy by establishing its co-localization in cardiac cells with cdk9 and cyclin T and its dissociation from P-TEFb complexes in cardiac cells rendered hypertrophic by mechanical stretch or treatment with hypertrophic agents in vitro. We also demonstrate involvement of the Jak/STAT signaling pathway in this process by showing that CLP-1 is not released from P-TEFb under hypetrophic conditions when Jak2 kinase signaling is inhibited.
Methods
This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Abbreviations used
CLP-1, cardiac lineage protein-1; cdk9, cyclin dependent kinase 9; P-TEFb, positive transcription elongation factor b; RNA polymerase II, RNA pol II; STAT3, Signal Transducer and Activator of Transcription 3; MAPK, mitogen-activated protein kinase; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; ANF, atrial natriuretic factor.
Analysis of P-TEFb components in developing tissues
Protein lysates from heart, liver, and kidney of mice at different stages of development and post-natal ages were resolved by gel electrophoresis and transferred to nitrocellulose membranes. The membranes were probed with anti-CLP-1 antibody (rabbit anti-HEXIM1 antiserum, a generous gift from Dr. Q. Zhou, University of California, Berkeley) or anti-GAPDH antibody (ab9485, Abcam, Cambridge, Massachusetts, USA) and then incubated with horseradish peroxidaseconjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, California, USA). The same membranes were stripped and re-probed with anti-Cdk9 antibody (sc-13130, Santa Cruz Biotechnology) or anti Cyclin T1 antibody (sc-10750, Santa Cruz Biotechnology). Antibody reactivity was visualized with ECL detection systems (Amersham Biosciences, Pittsburgh, Pennsylvania, USA).
Immunohistochemistry and immunofluoresence of CLP-1, cdk9, cyclin T, and MF20
Serial sections from paraffin-embedded fetal hearts were mounted and incubated with either rabbit anti-CLP-1 antibody (1:250 dilution; affinity purified CLP-1 rabbit antiserum made to the peptide HRQQERAPLSKFGD, Proteintech Group Inc., Chicago, Illinois, USA) or rabbit anti-cdk9 antibody (1:100 dilution, Santa Cruz Biotechnology). Slides were washed and incubated with horseradish peroxidase-conjugated secondary antibody followed by development with diaminobenzidene (ABC reagent system, Vector Labs, Burlingham, California, USA) and counterstaining with eosin. For immunofluoresence studies, 2-day post-natal rat cardiomyocytes were plated on collagen-coated glass coverslips and fixed in cold 4% paraformaldehyde. Cells were incubated with primary antibody (rabbit anti-CLP-1 antibody (Proteintech Group Inc., 1:50 dilution); goat anti-cyclin T antiserum (Santa Cruz Biotechnology, 1:100 dilution); goat anti-cdk9 antiserum (Santa Cruz biotechnology; 1:250 dilution); MF20 mouse hybridoma supernatant (Developmental Studies Hybridoma Bank; 1:25 dilution)) followed by incubation with biotinconjugated secondary antibody and fluorescein or Texas Redconjugated avidin. Incubation with MF20 was followed by incubation with anti-rabbit IgG antibody (AlexaFluor 647 (Far Red), Molecular Probes/Invitrogen, Carlsbad, California, USA, 1:200-300 dilutions). Confocal imaging was carried out using a BioRad Radiance microscope with LaserSharp 2000 software.
Mechanical stretch of cardiomyocytes, treatment with hypertrophic agents, and analysis of P-TEFb components
Cardiac cells of 2-4-day-old WKY rats were isolated using a neonatal cardiomyocyte isolation system (Worthington Biochemical Corp, Lakewood, New Jersey, USA). After pre-plating to reduce contaminating non-muscle cells, cardiomyocytes were plated on Bioflex collagen 6-well plates (Flexcell, McKeesport, Pennsylvania, USA) and cultured in DMEM/F-12 (1:1) media supplemented with 10% fetal bovine serum for approximately 1.5 days prior to switching to serum-free medium. Mechanical stretch was applied after 24 h in serum-free medium by applying a computer-controlled vacuum suction under the flexiblebottomed Bioflex collagen plates with Flexercell Strain Unit FX-4000 (Flexcell) [25] . The vacuum varied in one-second cycles sufficient to promote 10-15% elongation of the cardiomyocytes at the point of maximal distension of the culture surface. For experiments requiring inhibition of the Jak 2 kinase, AG490, dissolved in DMSO, was added to a final concentration of 500 nM. Control cells received DMSO. For agonist treatment, isolated cardiomyocytes were cultured for 36 h, switched to serum-free medium and cultured for another 24 h at which time agonists were added (Endothelin-1 (Sigma), 200 nM final concentration; phenylephrine (Sigma), 100 μM final concentration) and the cells cultured for another 24 h and harvested for analysis. For analysis of all control and experimental cultures, cell lysates were clarified by centrifugation and then incubated with goat anti-cyclin T1 antibody (Santa Cruz Biotechnology) followed by precipitation with protein G agarose. Blots of immunoprecipitated proteins were incubated with primary antibody followed by detection using horseradish peroxidecoupled secondary antibody and the ECL enhanced chemiluminescence assay (Amersham Biosciences). For STAT3 analysis, cardiomyocyte lysates were fractionated directly by SDS-PAGE, transferred to nitrocellulose and probed with anti-STAT3 antibody (Santa Cruz Biotechnology).
ANF analysis
Total RNA was isolated from cardiomyocytes using Trizol (Invitrogen). Northern blot analysis of atrial natriuretic factor mRNA levels was carried out as described [23] .
Results
We sought to determine if the P-TEFb components regulating transcriptional elongation are expressed in cardiomyocytes between embryonic day (E)15 to E 19 when CLP-1 knockout fetuses develop cardiac hypertrophy and in 2-day old rat cardiomyocytes rendered hypertrophic by mechanical stretch. CLP-1 is expressed at high levels early in heart development then decrease slightly as the heart grows attaining their lowest levels in adult heart (Fig. 1A) . In kidney and liver, CLP-1 levels are relatively constant throughout development and maintained at similar levels in the adult organs (Fig. 1B  and C) . Cyclin T is expressed in three isoforms, cyclin T1, cyclin T2a, and cyclin T2b, all of which can bind and activate cdk9 [26] . In pre-natal heart, cyclin T levels are high then diminish to lower levels in the adult heart (Fig. 1A) , while kidney and liver exhibit differential expression patterns among the three isoforms ( Fig. 1B and C) . Cdk9 is expressed in two isoforms, 55 Kd and 42 Kd [27, 28] both of which appear to be maximally expressed between E15 and E19 in heart (Fig. 1A) . In liver, the 55 Kd and 42 Kd cdk9 isoforms were expressed in an inverse fashion that cumulatively resulted in a constant level of cdk9 protein, while kidney expressed relatively unchanged levels during development with lowered levels in adult. A third immunoreactive band is present in heart and kidney migrating slightly slower than the 55 Kd cdk9 isoform. This is likely to be the phosphorylated form of cdk9 that is required for kinase activity and the recruitment of P-TEFb to the HEXIM1/7SK RNA complex [29, 30] . A subsequent incubation of the stripped heart immunoblot with less primary antibody to cdk9 and for shorter incubation times made more apparent the differential expression of the lower molecular weight cdk9 isoform in heart between E15 to E17. This peak of cdk9 isoform expression coincides with the period in which CLP-1 knockout fetuses develop cardiac hypertrophy [24] .
If CLP-1 regulates cdk9 kinase activity in vivo and under hypertrophic conditions, then both proteins should be expressed in the E16-18 heart myocardium since this is when CLP-1 knockout fetuses develop hypertrophy [24] . To confirm this, we sought to localize CLP-1 and cdk9 proteins in the myocardium of the E17 heart by staining alternate serial sections of E17 heart with antibody to CLP-1 and cdk9 ( Fig. 2A) . The majority of nuclei expressed CLP-1 or cdk9 and a random measurement of selected nuclei clearly showed colocalization (see yellow arrows, Fig. 2A ). Such co-localization is indicative of the association of CLP-1 with P-TEFb components at the molecular level. To confirm this, we performed co-immunoprecipitations of fetal heart lysates with cyclin T1 antibody followed by analysis of immunoprecipitates for CLP-1 and cdk9 (Fig. 2B) . Cyclin T1 immunoprecipitates showed the presence of CLP-1 and cdk9 confirming our co-localization findings and establishing CLP-1's association with P-TEFb in fetal heart cells during the same time period in which CLP-1 knockout fetuses develop hypertrophy.
To further demonstrate that CLP-1 is co-expressed with cdk9 and cyclin T in cardiomyocytes and thus capable of regulating P-TEFb activity, we used double-labeled fluorescent immunocytochemistry on isolated cardiomyocytes obtained from 2-day post-natal rat hearts and plated in short-term cultures. These are the same cell type used in the mechanical stretch experiments of this study (see below). Cardiomyocytes were distinguished by their expression of myosin filaments as revealed by staining with the MF20 antibody (Fig. 3A, D , and E). Double staining with antisera to MF20 and CLP-1 showed CLP-1 expression in the nuclei of these MF20-positive cardiomyocytes (Fig. 3A, D , and E). Cyclin T and CLP-1 staining showed co-localization to cell nuclei (Fig. 3B) . Confocal microscopy of cardiomyocytes using triple staining for cardiac myosin, CLP-1 and cdk9 showed that CLP-1 is co-localized with cdk9 in cardiomyocytes (Fig. 3D, E) . Interestingly, higher magnification showed co-localization of cdk9 with CLP-1 in a nonuniform or "speckled" staining pattern ( Fig. 3E ; panels i, j, and k). Such a "speckled" pattern has been seen for cdk9 and cyclin T expression in HeLa cell nuclei [31] .
The co-localization of CLP-1 with cdk9 and cyclin T proteins in cardiomyocte nuclei suggests that CLP-1 is in a position to regulate P-TEFb activity under normal and hypertrophic conditions. While the dissociation of 7SK RNA from P-TEFb under hypertrophic conditions has already been experimentally shown [12] , the dissociation of CLP-1, the actual kinase inhibitor, has yet to be demonstrated. Suggestive evidence for this derives from our interpretation of the cardiac hypertrophy evident in CLP-1 knockout mice: absence of CLP-1 may lead to de-regulation of cdk9, constitutive phosphorylation and activation of RNA pol II, and increased global RNA transcript output. To demonstrate experimentally that hypertrophic stimuli can trigger the release of CLP-1 from P-TEFb, we have resorted to the in vitro system of cultured cardiomyocytes rendered hypertrophic by mechanical stretch. This system exhibits the same signaling and growth-related events seen in hypertrophic cardiomyocytes in vivo [32] and provides a useful experimental system with which to study the molecular events underlying the adaptive hypertrophic response. Twoday post-natal rat cardiomyocytes were stretched for 48 h (see Methods) and then analysed for the induction of hypertrophy and the presence of CLP-1 in P-TEFb complexes. The attainment of hypertrophy was confirmed by the increase in expression of atrial natriuretic factor (ANF) mRNA [33] and activation of STAT3 [34] (Fig. 4A  and B) . After 1 h of mechanical stretch, STAT3 was activated as indicated by its increased phosphorylation. Together, these data indicate that mechanical stretch rendered these cardiomyocytes hypertrophic.
We next assessed the status of cdk9 and CLP-1 in P-TEFb complexes in stretched versus non-stretched cardiomyocytes by immunoprecipitating P-TEFb with anti-cyclin T1 antibody and assaying for the presence of cdk9 and CLP-1 by immunoblot analysis (Fig. 4C) . CLP-1 was present in PTEFb complexes isolated from unstretched cardiomyocytes while it was markedly decreased in P-TEFb complexes from cardiomyocytes subjected to a 48 h of mechanical stretch. The relative amounts of cyclin T1 and cdk9 in P-TEFb appeared unchanged between unstretched and stretched cardiomyocytes. The absence of CLP-1 in P-TEFb complexes isolated from mechanically stretched cardiomyocytes was not due to an absence of CLP-1 protein as there was no change in the level of CLP-1 protein in cardiomyocytes subjected to mechanical stretch compared to unstretched control cells (Fig. 4D) . (See also Fig. 5C for 48-hour stretching regimen). Together, these data show that hypertrophic stimuli in the form of mechanical stretch can induce the dissociation of CLP-1 from P-TEFb. Fig. 1 . Expression of CLP-1, cyclin T and cdk9 proteins in developing and post-natal heart (A), kidney (B), and liver (C). One hundred micrograms of protein lysate was loaded per lane and expression of CLP-1, cyclin T, cdk9, and GAPDH proteins detected by immunoblot analysis. GAPDH expression served as loading control. The E15 to E17 pre-natal period encompasses the time period in which CLP-1 knockout fetuses develop hypertrophy and die [24] . Definitive liver and kidney tissues were not identifiable in E13 embryos and thus not harvested.
Among the several signaling pathways activated by mechanical stretch, two major pathways are prominantly involved in the transduction of the hypertrophic mechanical stretch signal, the Janus-associated kinase/signal transducers and activators of transcription, or Jak/STAT, pathway and the mitogen-activated protein kinase, or MAPK, pathway [35, 36] . It is well documented that the Jak/STAT signal transduction pathway is activated in cardiomyocytes rendered hypertrophic by mechanical stretch, resulting in phosphorylation of STAT3 [34] , as well as by hypertrophic agonists such as cardiotrophin-1 [37] , leukemia inhibitory factor (LIF) [38] , and Angiotensin II [39, 40] . AG490 is a potent blocker of the Jak2 kinase that phosphorylates STAT3 and has been shown to inhibit STAT3 phosphorylation [41] and to block hypertrophic growth [42, 43] . We sought to investigate if CLP-1 dissociation from P-TEFb complexes was responsive to the Jak/STAT signaling pathway by inhibiting the Jak2 kinase during mechanical stretch. Twoday post-natal rat cardiomyocytes stretched for 48 h showed activation of the Jak/STAT pathway as evidenced by increased STAT3 phosphorylation (Fig. 5A, lane 2 , "Stretch") that was reduced to control levels with AG490 treatment (Fig. 5A, lane 3 , "Stretch + AG490"). To determine if blockage of the Jak/STAT pathway also blocks CLP-1's dissociation from P-TEFb, AG490 was added to control and stretched cardiomyocytes during the 48-hour stretching regimen after which P-TEFb complexes were isolated and assayed for the presence of CLP-1. Stretched cardiomyocytes showed a decrease in the amount of CLP-1 associated with P-TEFb complexes (Fig. 5B , compare lane 3 ("Stretch") with lane 1 ("Control")). In AG490-treated stretched cells, the amount of CLP-1 remaining associated with P-TEFb Fig. 2 . Expression of cdk9 and CLP-1 in E17 and E19 heart. A. Serial paraffin sections from E17 mouse heart showing co-localization of cdk9 and CLP-1 in heart cells. Boxed regions of hearts show area depicted in images (a transected vein (white area in image) was used to co-align images for comparing overlap in nuclear stainings). B. Immunoprecipitation of E19 heart lysates showing co-immunoprecipitation of CLP-1 with P-TEFb components. Input refers to the nonprecipitated lysate. complexes was similar to AG490-treated non-stretched or control cells indicating that little or no CLP-1 dissociated from P-TEFb complexes with AG490 treatment (Fig. 5B , compare lane 4 ("Stretch + AG490") with lane 2 ("Control + AG490")). There was no change in overall protein levels of P-TEFb components or CLP-1 with stretching or AG490 treatment (Fig. 5C ). These results indicate that the release of CLP-1 from P-TEFb is likely to be an integral and requisite step in the response of cardiomyoyctes to hypertrophic stimuli and that this process is directly responsive to hypertrophic signal transducers such as the Jak/STAT pathway.
De-repression of P-TEFb is also seen in cardiomyocytes rendered hypertrophic by other means, for example, endothelin-treated cardiomyocytes that progress to hypertrophy and in transgenic or experimentally induced mouse Northern blot showing increased ANF (atrial natriuretic factor) mRNA levels in stretched cardiomyocytes. GAPDH is loading control. B. Phosphorylation of STAT 3 increases with continued stretch of cardiomyocytes (1 h and 24 h); overall STAT3 protein levels remain constant. C. CLP-1 is released from P-TEFb complexes in stretch-induced hypertrophic cardiomyocytes. Immunoblot of P-TEFb components in stretched and non-stretched cardiomyocytes showing markedly reduced levels of CLP-1 in P-TEFb complexes from cardiomyocytes stretched for 48 h; cyclin T1 and cdk9 levels remain unchanged. D. Total levels of P-TEFb components (free and complexed) remain unchanged with stretch. GAPDH is loading control. models of hypertrophy [12] . We therefore used endothelin-1 treatment as well as another hypertrophic agent, phenylephrine [44] , to determine if CLP-1 dissociates from P-TEFb in cardiomyocytes treated with these hypertrophic agents. Immunoprecipitated P-TEFb from treated cardiomyocytes showed a decreased level of CLP-1 when compared to untreated cardiomyocytes indicating that as with mechanical stretch, CLP-1 responded to these hypertrophic agents by dissociating from P-TEFb (Fig. 6A and B ).
Discussion
Our studies show that in cardiomyocytes rendered hypertrophic by mechanical stretch or treatment with hypertrophic agents, CLP-1 is dissociated from P-TEFb complexes. This process could be a common feature of the hypertrophic response to most hypertrophic stimuli since derepression of P-TEFb has been shown to occur in cardiomyoyctes rendered hypertrophic by a variety of stimuli [12] . Of the multiple signal transduction pathways activated by mechanical stretch, two appear to play a prominent role in stretch-induced hypertrophy: the Jak/STAT pathway and the MAPK pathway [35] . The observation that CLP-1 does not dissociate from P-TEFb in the presence of the Jak2 kinase inhibitor AG490 suggests that dissociation of CLP-1 from PTEFb is responsive to transduction of the hypertrophic signal by the Jak/STAT pathway. Inhibition of the Jak2 kinase prevents the phosphorylation and translocation of STATs to the nucleus. Blockage of STAT translocation and CLP-1 dissociation by AG490 treatment suggests that they might be linked, either directly via interaction between STATs and the P-TEFb complex itself [45] or indirectly, by the absence of a requisite STAT-dependent gene product that promotes CLP-1 dissociation from P-TEFb. Treatment of cardiomyocytes with the hypertrophic agents endothelin-1 and phenylephrine also results in the dissociation of CLP-1 from P-TEFb complexes. Since both endothelin-1 and phenylephrine signal primarily through the MAPK pathway [44, 46] , it appears that multiple signaling pathways are involved in regulating CLP-1's dissociation from P-TEFb. The convergence of the Jak/STAT and MAPK pathways at the CLP-1-P-TEFb interface suggests that this transcriptional regulatory complex may be a nexus point for the convergence of these and perhaps other hypertrophic pathways that reprogram cardiac gene expression to respond to hypertrophic stress [47] .
Our studies show that cdk9 and CLP-1 are expressed in E13-E19 fetal hearts and that in rat neonatal cardiomyocytes, the cells used in our stretch studies, cdk9, cyclin T, and CLP-1 are co-localized in cell nuclei. These data, along with the demonstration of CLP-1 dissociation from P-TEFb complexes in response to hypertrophic stimuli, provide some insight into why our CLP-1 knockout mice die of cardiac hypertrophy [24] . One possibility is that in the absence of the negative regulator CLP-1, elevated levels of constitutively active P-TEFb will phosphorylate RNA pol II leading to increased elongation activity and transcription from competent gene loci that increase cellular mRNA levels. While it is unclear whether this is sufficient to trigger hypertrophy, studies by Sano et al. [12] in which 7SK RNA was eliminated in cultured cardiomyocytes by antisense RNA showed increased cdk9 activity and increased RNA synthesis, two results consistent with the onset of hypertrophy. Constitutively active RNA pol II could foster a state of increased gene responsiveness that promotes a more rapid and robust response to hypertrophic stimuli. The period between E16 and E19 coincides with the fetal heart beginning to take on the increased hemodynamic demands imposed upon it by the maturing fetal circulatory system. This obviously does not pose a risk to wild-type fetuses expressing CLP-1, but in CLP-1 knockout fetuses the absence of CLP-1 may make the genetic component of the adaptive response to increased hemodynamic demand that much more responsive. In accord with this are recent studies showing that mice with elevated cdk9 kinase activity in heart rapidly develop hypertrophy and heart failure [48] and our own unpublished data showing that CLP-1 (+/−) mice are more susceptible than wild-type CLP-1 (+/+) mice to hypertrophic insults such as trans-aortic constriction. Perhaps the high levels of CLP-1 in fetal heart allow for normal cardiovascular development by precluding a "hyper-response" to the hemodynamic load imposed by the expanding fetal circulatory system. In summary, our studies suggest that regulation of P-TEFb activity is likely to be an important control point in the mounting of the hypertrophic response. Curtailing or preventing CLP-1's ability to bind P-TEFb and inhibit cdk9 kinase activity may lead to a P-TEFb population sufficiently biased to the de-repressed, kinase active state as to impart a state of cellular hyper-responsiveness to hypertrophic stimuli.
